Inherited chromosomally integrated human herpesvirus-6 (iciHHV-6) results in the germ-line transmission of the HHV-6 genome. Every somatic cell of iciHHV-6+ individuals contains the HHV-6 genome integrated in the telomere of chromosomes. Whether having iciHHV-6 predisposes humans to diseases remains undefined. DNA from 19,597 participants between 40 and 69 years of age were analyzed by quantitative PCR (qPCR) for the presence of iciHHV-6. Telomere lengths were determined by qPCR. Medical records, hematological, biochemical, and anthropometric measurements and telomere lengths were compared between iciHHV-6+ and iciHHV-6− subjects. The prevalence of iciHHV-6 was 0.58%. Two-way ANOVA with a Holm-Bonferroni correction was used to determine the effects of iciHHV6, sex, and their interaction on continuous outcomes. Two-way logistic regression with a Holm-Bonferroni correction was used to determine the effects of iciHHV6, sex, and their interaction on disease prevalence. Of 50 diseases monitored, a single one, angina pectoris, is significantly elevated (3.3×) in iciHHV-6+ individuals relative to iciHHV-6− subjects (P = 0.017; 95% CI, 1.73-6.35). When adjusted for potential confounding factors (age, body mass index, percent body fat, and systolic blood pressure), the prevalence of angina remained three times greater in iciHHV-6+ subjects (P = 0.015; 95%CI, 1.23-7.15). Analyses of telomere lengths between iciHHV-6− without angina, iciHHV-6− with angina, and iciHHV-6+ with angina indicate that iciHHV-6+ with angina have shorter telomeres than age-matched iciHHV-6− subjects (P = 0.006). Our study represents, to our knowledge, the first largescale analysis of disease association with iciHHV-6. Our results are consistent with iciHHV-6 representing a risk factor for the development of angina.
H uman herpesvirus (HHV)-6A (1) and HHV-6B (2) are worldwide ubiquitous human pathogens belonging to the β herpesvirus subfamily. Primary HHV-6B infection occurs early in life (6 mo to 3 y) and causes roseola or exanthem subitum (3). Fewer details exist on the epidemiology of HHV-6A, and at present, primary HHV-6A infections have not been linked to diseases. The fact that HHV-6B is more widely distributed, acquired earlier in life, and likely to provide cross-protective immunity (HHV-6A and HHV-6B proteins are 80% identical) could explain, at least in part, the apparent lack of disease association with primary HHV-6A infection.
All herpesviruses possess a bimodal replicative cycle that allow them to replicate and generate new infectious viral particles or allow them to enter a state of latency where viral gene expression is minimal and no viruses are produced. Latency allows these viruses to escape immune surveillance enabling them to persist for life within their host. Reactivation from latency and viral replication can be triggered by several stimuli such as UV exposure or hormonal changes. Depending on the immunological competency of the host, such secondary infections can either be contained (asymptomatic) or disseminated, often resulting in pathogenic outcomes (4) . HHV-6A and HHV-6B latency is unique among human herpesviruses in that these viruses have developed the ability to integrate their genomes into human chromosomes (5) , much like Marek's disease virus (MDV), whose genomic integration is tightly associated with lymphoma development (6) . HHV-6 integration can occur in several distinct chromosomes but invariably takes place within the telomeric regions (7) . When integration occurs in germinal cells, integrated HHV-6A and HHV-6B can be passed on to descendants according to Mendelian genetics (8) . Consequently, individuals with such inherited chromosomally integrated HHV-6 (iciHHV-6) carry a copy of the viral genome in every cell of their body. Diagnosis of iciHHV-6 is easily made by measuring and comparing the relative number of HHV-6 DNA copy per cell either using quantitative PCR (qPCR) and/or digital droplet PCR (9, 10) . iciHHV-6+ subjects have approximately one million copies per million cells, whereas those that have acquired HHV-6 naturally typically have between 60 and 80 viral DNA copies per million cells (11) . In vitro and in vivo studies have indicated that, once integrated, HHV-6 can express genes and reactivate from latency with pathogenic outcomes (12) (13) (14) (15) . Based on several studies, including the present one, we estimate that between 40 and 70 million individuals worldwide carry iciHHV-6 (7).
It is well established that the self-renewal potential of cells is directly proportional to telomere lengths and telomerase activity (16, 17) . It is also known that the shortest telomere, not average Significance Based on several studies, including ours, we estimate that 40-70 million individuals carry a chromosomally integrated copy of the human herpesvirus 6 (HHV-6) genome in every cell of their body. This condition is referred to as inherited chromosomally integrated HHV-6 (iciHHV-6). The regions targeted for integration are telomeres, which play important roles in the self-renewal capacity of cells. Whether iciHHV-6 is associated with disease remains unknown. After conducting a population screen (n = 20,000), our results indicate that the prevalence of angina is three times greater in iciHHV-6+ subjects relative to iciHHV-6− ones. Furthermore, iciHHV-6+ subjects have shorter telomeres, a result that may explain, at least in part, how iciHHV-6 may contribute to the development of angina.
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This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1502741112/-/DCSupplemental. telomere length, is critical for cell viability and chromosome stability (18) . When the number of telomeric repeated sequences (TRSs) falls below 13, chromosomal instability is observed (19) . Integration of HHV-6 within the telomeric region is unlikely to be without consequences (7) . In fact, Huang et al. recently reported that the chromosome harboring integrated HHV-6 is often the shortest, suggesting that integration affects telomeric integrity (20) . Several diseases are linked with telomere dysfunctions and/or telomerase mutations such as cardiovascular diseases, hematopoietic dysfunction, pulmonary fibrosis, liver disease, degenerative diseases, and cancer (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) . Alterations within telomeric regions are therefore a likely cause for cellular dysfunctions linked to diseases, but many of the factors affecting telomere integrity remain to be identified. Interestingly, by compiling several small independent studies, it has been reported that iciHHV-6 is 2.3 times more frequent (P < 0.001) in diseased (various diseases) individuals relative to healthy ones, suggesting that iciHHV-6 represents a risk factor in disease development (32) . Knowing this, we undertook a large-scale population study to assess the prevalence of iciHHV-6 in the CARTaGENE (CaG) cohort. The CaG biobank (www.cartagene. qc.ca), consists of both biological samples and complete medical records on the health and lifestyles of randomly selected Quebecers (Canada) between 40 and 69 y of age. The bank contains in-depth information on nearly 20,000 individuals (17% born outside Canada), including sociodemographic, lifestyle, health data, and familial history of disease, 190 physiological parameters, biochemical analyses, and hematological analyses (33) . Genomic DNA extracted from blood-spotted filters was used for HHV-6 qPCR and droplet digital PCR (ddPCR) analyses. Because iciHHV-6 individuals carry one viral genome copy per cell, identification of subjects with iciHHV-6 is easily made (9, 34) . The overall prevalence of iciHHV-6 in the CaG cohort was determined, and disease prevalence in subjects with iciHHV-6 was compared with that of subjects without iciHHV-6.
Results
Our first objective was to determine the prevalence of iciHHV-6 in the province of Quebec by analyzing the CaG cohort. The results obtained are summarized in Tables 1 and 2 . Of 19,597 subjects analyzed (51.3% females and 48.7% males), 113 were identified as iciHHV-6+, indicating an overall iciHHV-6 prevalence of 0.58% (95% CI, 0.34-0.67). Among iciHHV-6+ subjects, 56.6% were males and 43.4% were females (P = 0.094).
Further analyses indicate that 41% of integrated cases were HHV-6A and 59% were HHV-6B, independent of sex. As could be expected from a nonlethal inherited condition, iciHHV-6 cases were distributed approximately evenly into three age groups ( Table 1 ). The age (P = 0.08) and sex (P = 0.079) distributions of iciHHV-6− and iciHHV-6+ subjects were similar. Ninety-four of 113 (83%) iciHHV-6+ individuals were born in Canada, whereas the remaining 19 were born in 14 different countries (Table S1 ). More than 70% of iciHHV-6+ subjects parents and grandparents were also born in Canada. The ethnic background of the iciHHV-6+ subjects was white/European for the vast majority (88.3%), followed distantly by Arabic descendants (6.3%).
We next proceeded to compare physical, hematological, and biochemical parameters between iciHHV-6− and iciHHV-6+ subjects. Values for several parameters differed between males and females (Table S2 ). However, all parameters examined were comparable (P = 0.068) between iciHHV-6− (males and females) and iciHHV-6+ subjects (males and females).
We next analyzed the prevalence of iciHHV-6 in various chronic diseases. As for biochemical parameters, the prevalence of certain diseases (such as thyroid disease, osteoarthritis, and allergy to medication) differed between males and females (Table S3) . For analyses, the iciHHV-6A+ and iciHHV-6B+ subjects were fused into a single group. In addition to prevalence of disease, we analyzed prescribed medication intake. The prevalence of subjects (males or females) taking prescribed medication was similar between iciHHV-6− and iciHHV-6+ subjects (Table 3) . We next analyzed the prevalence of chronic diseases using two-way logistic regression analyses followed by Holm-Bonferroni correction adjusted for multiple comparisons. Of the 50 diseases analyzed (Table S3) , a single condition proved significantly more frequent in the iciHHV-6+ subjects (Table 3) . Our results indicate that the prevalence of angina pectoris (stable and unstable forms) is significantly higher in the iciHHV-6+ subjects (9.7%) relative to iciHHV-6− subjects (3.2%) (OR, 3.31; 95% CI, 1.73-6.35; P = 0.017). There was no significant sex association (P = 0.839).
Knowing that cardiovascular diseases are influenced by several factors such as body mass index (BMI), age, systemic blood pressure, and percent body fat (35) , additional analyses were conducted to take into account these factors. As shown in Table 4 , BMI, age, and systolic blood pressure represented independent risk factors associated with the development of angina. When adjusted for these three factors and percent body fat, the prevalence of angina in iciHHV-6+ individuals remained significantly Table 1 . Demographics of the CARTaGENE cohort (>40 to <70 y old) along with iciHHV-6 prevalence Table 2 . Prevalence of iciHHV-6A and iciHHV-6B according to gender These results suggest that iciHHV-6 is a predisposing risk factor for the development of angina.
A recent meta-analysis concluded that telomere length is inversely associated with the risk of coronary heart disease, independently of conventional vascular risk factors (36) . Considering this, we sought to determine the mean telomere length of leukocyte DNA from iciHHV-6+ subjects relative to iciHHV-6− ones. To validate the assay (37), we first determined telomere lengths as a function of age in iciHHV-6− subjects. As shown in Fig. 1A , an inverse correlation between age and telomere length was observed, as expected and previously reported (38) . DNA samples from randomly selected and individually aged-matched iciHHV-6+ (n = 111) and iciHHV-6− (n = 93) individuals (Fig. 1B) were analyzed for telomere length determination. As shown in Fig. 1C , the overall length of telomeres of iciHHV-6+ subjects is significantly shorter than that of iciHHV-6− subjects (P = 0.003). When analyzed as a function of age, the average telomere length of iciHHV-6+ subjects aged between 55 and 70 y was shorter than individually age-matched iciHHV-6− subjects (P = 0.008; Fig. 1D ). Analyses of telomere lengths between age-matched iciHHV-6− without angina (n = 43), iciHHV-6− with angina (n = 33), and iciHHV-6+ with angina (n = 11) indicate that iciHHV-6+ with angina have shorter telomeres than agematched controls (P = 0.006; Fig. 1 E and F) . Relative to controls, the mean telomere length of iciHHV-6− subjects with angina is 10% shorter. In comparison, the overall telomere length of iciHHV-6+ subjects with angina was 24% and 15% shorter than iciHHV-6− subjects and iciHHV-6− subjects with angina, respectively. These results indicate that iciHHV-6+ subjects have shorter telomeres than age-matched iciHHV-6-subjects.
All other diseases including overall cancer prevalence occurred at similar frequencies between iciHHV-6− and iciHHV-6+ individuals. Analyses of individual cancer types (e.g., leukemia and prostate) were not conducted based on the observation that only a total of 12 cancer cases representing diverse cancer types were present in the iciHHV-6+ population.
Discussion
The first cases of chromosomally integrated HHV-6 were reported in 1993 (5), and not until 1998 was the inheritance of integrated HHV-6 demonstrated (8). Although initially considered an oddity, integration of HHV-6 into host chromosomes is now considered a part of the HHV-6 life cycle. In fact, integration is one way HHV-6 viruses establish latency. Several reports suggested that HHV-6 might reactivate once it has integrated the human genome (12, 14, 15, 39) . Furthermore, recent compelling in vivo evidence indicates that iciHHV-6 does reactivate in severely immunocompromised subject with pathogenic outcomes (13) .
Whether iciHHV-6 predisposes humans to certain diseases is presently unknown, but considering that across the world, several million individuals are iciHHV-6+, this is an important subject. In a recent review, Pellett et al. reported that iciHHV-6 is more prevalent in diseased (various diseases) individuals (32), suggesting that iciHHV-6 represents a risk factor for the development of certain medical conditions. One potential caveat of the previous study lies in the fact that such assumption was made by pooling data from several small independent studies from various geographical regions where iciHHV-6 incidence and environmental factors may differ, which is likely to affect analysis outcome. The worldwide prevalence of iciHHV6+ individuals is estimated to be ∼1% with variations observed (0.2-2.9%) depending on the geographical regions and population sampled (healthy vs. diseased) (40) (41) (42) (43) (44) . A relatively large sample size is therefore needed to have a sufficient number of subjects with iciHHV-6 to determine potential disease associations. Much of what is known about the causes of chronic disorders comes from large epidemiological studies (45, 46) . To determine whether iciHHV-6 represents a predisposing factor for particular diseases, we analyzed a total of 19,597 individuals from the CaG cohort (33) . A special feature of this cohort is the common ancestry of the bulk of the 20,000 volunteers. The cohort includes Quebecers from various ethnic and racial backgrounds (especially in the Montreal subgroup), but the great majority are French Canadians. The common genetic heritage of participants makes it easier to rule out potential environmental contributors to either good health or the development of chronic disorders. In the CaG cohort, participants were not recruited for a particular disease, but instead represent a random selection among the population, minimizing the need to correct for bias in measured phenotypes.
The results obtained here indicate that the prevalence of iciHHV-6 in Quebec falls within the 0.2-2.9% prevalence previously reported for other region of the globe (40) (41) (42) (43) (44) . The main finding of the current study is that prevalence of angina pectoris is found elevated 3.3 times in iciHHV-6+ subjects relative to iciHHV-6− subjects (P = 0.017). When adjusted for age, BMI, percent body fat, and systolic blood pressure, the prevalence of angina in iciHHV-6+ individuals remains elevated (2.97×), suggesting that this inherited trait may predispose to the development of angina (P = 0.015).
Infections, whether they are of bacterial or viral origin, including herpesviruses such as cytomegalovirus, are thought to play important roles in atherosclerosis development (47) . One hypothesis is that endothelial cells from iciHHV-6 subjects express, at some point in time, viral proteins and/or produce virions that can lead to immune activation (of monocytes, lymphocytes, and/or Statistically significant results (P < 0.05) are in italic. *P values for iciHHV-6 from two-way logistic regression were adjusted for multiple comparisons (n = 56) using Holm-Bonferroni. platelets) and cell damage, initiating and fueling the development of atherosclerotic lesions and, eventually leading to angina (48) . In support, a recent study indicates reactivation of iciHHV-6 in subjects with myocardial dysfunctions. Virus particles were identified in degenerating myocytes and interstitial cells and antiviral treatment abolished viral mRNA and ameliorated cardiac symptoms (49) . The authors hypothesize that damage of endothelial cells caused by HHV-6 reactivation in iciHHV-6 patients might explain complaints of angina as a sequela of myocyte and vascular endothelial dysfunction, as previously reported for parvovirus B19 (50) . Experiments addressing these issues are currently ongoing.
Alternatively, a vast body of literature also exists linking short telomere lengths and cardiovascular disease development (51, 52) . A recent meta-analysis of 24 studies involving more than 40,000 subjects concluded that telomere length was inversely correlated with the incidence of cardiovascular diseases (36) . Considering that the shortest chromosome is responsible for triggering cell damage (senescence or chromosomal instability) (18, 19) and that the chromosome carrying the integrated HHV-6 is often the shortest (20) , it can be speculated that angina pectoris can result from an accelerated shortening of the telomere of the chromosome carrying HHV-6 integration. When Fig. 1 . Telomere length analyses of DNA from iciHHV-6− and iciHHV-6+ subjects. (A) Blood leukocyte DNA samples from iciHHV-6− and iciHHV-6+ subjects were analyzed by qPCR for telomere length. A scatter plot with mean ± SD telomere length according to age is presented. (B) Age distribution of iciHHV-6− and iciHHV-6+ subjects used for telomere length analyses. (C) DNA samples from iciHHV-6− subjects and iciHHV-6+ individuals were analyzed for telomere length by qPCR. Results are presented as a scatter plot with mean ± SD outlined. (D) A scatter plot with mean ± SD telomere length of iciHHV-6− and iciHHV-6+ subjects according to age. (E) Age distribution of iciHHV-6− subjects, iciHHV-6− subjects with angina and iciHHV-6+ subjects with angina used for telomere length analyses. Results are presented as a scatter plot with mean ± SD outlined. (F) DNA samples from iciHHV-6− subjects, iciHHV-6− subjects with angina and iciHHV-6+ subjects with angina were used for telomere length analyses by qPCR. Results are presented as a scatter plot with mean ± SD outlined. Statistical analyses were conducted using one-way ANOVA with a Bonferroni multiple comparison test (A, E, and F) or t test (B-D). Results with P < 0.05 were considered significant.
analyzed for overall length, the telomeres of DNA from iciHHV-6+ subjects were 10% shorter than those of age-matched iciHHV-6− individuals (P = 0.003). Our results therefore support the observation that reduced telomere length is associated with a higher prevalence of cardiovascular disease. Disease may appear more or less rapidly based on the chromosome targeted for integration and whether large or small telomeric deletions were introduced.
Although there is no convincing evidence linking HHV-6 infection or iciHHV-6 to any cancer type, weak associations have been made (53) . In the CaG cohort, a total of 1,553 subjects experienced at least one cancer type (8.0%). When all cancer types were considered, no association with iciHHV-6 was noted. A larger cohort could have helped identify iciHHV-6 association with low incidence cancers.
Integration of HHV-6 into host DNA is likely to affect the genomic architecture with somewhat unpredictable outcomes. By altering the telomeric regions, HHV-6 may affect the long-term ability of a cell to divide and cause premature senescence, leading to organ dysfunctions or alternatively provoke chromosomal instability favoring cancer development. The fact that HHV-6 targets several distinct chromosomes for integration complicates analysis as disease outcomes may vary depending on the integrated chromosomes. In addition to its effects on cell homeostasis, the fact that the integrated virus can reactivate and/or express viral mRNA and proteins can lead to inflammation and immune mediated reactions that can lead to tissue destruction and diseases.
This study has the following limitations. First, the association between iciHHV6+ and the risk of developing angina will need to be confirmed in a large longitudinal cohort design; second, although nearly 20,000 subjects were analyzed, the number of iciHHV-6+ subjects prevented us from conducting in depth analyses on diseases of low prevalence. Larger population studies will possibly identify other medical conditions of lower incidence in which iciHHV-6 would be the first event predisposing to disease development according to the second hit theory (54); and third, not having access to cells from iciHHV-6+ subjects prevented us from identifying the chromosomes carrying the integrated virus. Depending on chromosome carrying the integration, diseases may or may not become apparent. Additional studies are therefore needed, including the mapping of chromosomes integrated by HHV-6 and experiments designed to explain the underlying mechanisms linking iciHHV-6 to angina.
In summary, our results are consistent with iciHHV-6 representing a predisposing risk factor for the development of angina pectoris. Cardiovascular diseases are widespread diseases and represent a major cause of mortality in North America. Fortunately, for such diseases, effective medicine exists [nitrates, statins, β-blockers, calcium channel blockers, angiotensin-converting-enzyme inhibitors, oral antiplatelet medicines, or anticoagulants (blood thinners)]. Considering that iciHHV-6+ subjects show increased risk of developing angina and considering the ease by which an iciHHV-6 diagnosis can be made, it can be argued that systematic iciHHV-6 screening should be considered (possibly at birth along with other genetic testing) to identify subjects at greater risks of developing cardiovascular diseases.
Materials and Methods
Subjects. The institutional ethics review boards of the Centre Hospitalier Universitaire de Quebec Research Center and Sainte-Justine hospital reviewed and approved this study. All participants signed a consent form.
Cohort. We analyzed a total of 19,597 DNA samples from the CaG cohort consisting of men and women between 40 and 69 y of age, residing in metropolitan areas of the province of Quebec (Montreal, Quebec, Sherbrooke, and Saguenay). A description of the cohort is provided in Description of the CARTaGENE Cohort, and complete details can be found by consulting Awadalla et al. (33) .
DNA Isolation and iciHHV-6 Determination. Blood from participants were stored onto Flinders Technology Associates (FTA) filters at the Genome Quebec facility in Chicoutimi, Quebec. Once obtained, DNA was retrieved from the FTA filter using the prepGem storage card blood reagents according to the manufacturer's guidelines (Zygem). The eluted DNA was diluted 10-fold with water and subjected to duplex TaqMan qPCR amplification using validated HHV-6-(55) and GAPDH-specific primers and probes. Amplification of GAPDH, a single copy human gene, was used as internal control. Positive and negative controls were included in each run. The DNA, primers, and probes were mixed with an equal volume of 2× Rotor-Gene Multiplex PCR kit (Qiagen) and subjected to 40 cycles of amplification. DNA isolated from known iciHHV-6A+ and iciHHV-6B+ individuals was used as positive controls in every run. A standard curve generated from DNA isolated from an iciHHV-6+ individual was used to estimate the number of HHV-6 copies. Samples with estimated HHV-6 copy number ≥0.5 per cell were initially considered positive. A total of 115 samples were identified as iciHHV-6+. These samples were reanalyzed by TaqMan qPCR for HHV-6A or HHV-6B determination (56) . All these samples were reanalyzed by ddPCR, as previously described (10) . Of the 115 samples initially identified, 113 were confirmed as iciHHV-6+ by ddPCR and considered for analyses.
Telomere Length Analysis. Overall telomere length analysis was determined by qPCR as previously described (37) . Subjects were individually aged matched at a 1:1 ratio for telomere length analyses between iciHHV-6− and iciHHV-6+ individuals. For analyses involving subjects with angina, iciHHV-6− and iciHHV-6+ subjects were aged matched individually at a 3:1 ratio, respectively. Statistical Analyses. A χ 2 test was used to compare the distribution of sex and age between iciHHV-6− and iciHHV6+ subjects. A one-way χ 2 goodnessof-fit test was used to compare the distribution of sex and age among iciHHV6+ subjects to those of the general population. Two-way ANOVA was used to determine the effects of iciHHV6, sex, and their interaction on continuous outcomes. Different variances for each group were estimated when variances were heterogeneous. P values were adjusted using Holm-Bonferroni correction for multiple comparisons (36 comparisons for each; Table S2 ). Means and SEs are presented for each combination of iciHHV6 and sex, as well as by iciHHV6.
Frequency and proportions are presented for each binary outcome according to sex and iciHHV6. Two-way logistic regression was used to determine the effects of iciHHV6, sex, and their interaction. The prevalence of disease was determined at the time of blood donation. In presence of quasiseparation, Firth bias correction was used (57) . P values were adjusted using Holm-Bonferroni correction for multiple comparisons (54 comparisons for sex and interaction and 56 comparisons for iciHHV-6; Table 3 and Table S3 ). ORs and their 95% CI are presented for iciHHV6+ effect. Outcomes with significant results were also analyzed adjusting for age, BMI, systolic blood pressure, and percent body fat (Table 4) .
Comparison of telomere lengths and ages between iciHHV-6− and iciHHV-6+ subjects was determined using a t test. Analysis of telomere lengths among agematched iciHHV-6− subjects, iciHHV-6− subjects with angina, and iciHHV-6+ subjects with angina was determined using one-way ANOVA followed by the Bonferroni multiple comparison test (three comparisons). P < 0.05 was considered significant. All statistical analyses were performed with SAS, version 9.3 (SAS Institute Inc., Cary, NC).
